Black pepper and cardamom are the important spice crops grown in India and other countries. Viruses are one of the major yield limiting factors in both these spice crops. Viral diseases spread at a faster rate in these spices, as they are vegetatively propagated. Lack of sensitive detection methods has led to the widespread distribution of viral diseases in all black pepper and cardamom growing regions. The viruses infecting these two spice crops have now been identified; characterized and sensitive diagnostics developed. Integration of various approaches like use of resistant varieties, virus-free planting materials, vector control and cultural methods are required for the management of viral diseases. Rejuvenation of viral disease affected black pepper plantations through proper soil and plant health management were proved to be successful. The present review deals with characterization, diagnosis and management of viral diseases affecting black pepper and cardamom.
Introduction
Black pepper (Piper nigrum L.), the "King of Spices", is native to the tropical evergreen forests of Western Ghats of India. It is used for different purposes such as culinary seasoning, ingredient of food items, and also in medicine (Ravindran 2000) . Although wilt diseases caused by oomycetes and nematodes continue to be the major diseases infecting black pepper, the disease caused by viruses is also becoming important in recent times due to its systemic nature and resultant yield loss. Virus induced symptoms are known by different names such as mosaic, little leaf, wrinkled leaf and stunted disease in different black pepper growing countries. Cardamom (Elettaria cardamomum Maton), adorns the unique position as the "Queen of Spices" owing to its good aroma and flavour. Cardamom is a perennial, rhizomatous monocot, representing the family Zingiberaceae. Like black pepper it is also originated from evergreen forests of the Western Ghats of India. The economic part of the cardamom is the dried ripe fruits (known as capsules). It is generally cultivated in the mountainous tracts at elevations of 800-1300 m above MSL especially as an under crop in the forest lands (Ravindran 2002) . Cardamom is suffered by several oomycetous, fungal, viral and nematode-induced diseases. Mosaic and chlorotic streak are the important viral diseases affecting cardamom in India. Primary spread of viruses occurs by the use of infected planting materials. Hence, it is important to employ sensitive techniques to detect viruses in the plant system so that the infected materials could be identified and eliminated which further aids in the selection of virus-free healthy material for subsequent propagation.
Viral disease of black pepper

Occurrence and symptoms
Viral disease also known as stunt disease has been reported from black pepper growing countries such as Brazil, India, Indonesia, Malaysia, Philippines, Sri Lanka, Thailand and Vietnam (Paily et al. 1981; Lockhart et al. 1997; Sarma et al. 2001; de Silva et al. 2002; Bhat et al. 2003) . In India, higher incidence (29 to 45%) and severity of the disease was noticed in black pepper plants grown at higher altitudes (Bhat et al. 2005c) . Mosaic, mottling and formation of malformed leaves with reduced size are the most obvious symptoms for identifying the disease in the field (Fig. 1 ). When infection becomes severe, leaves become rough, leathery, and narrow in the form of a sickle. The length between nodes of the stem reduces drastically leading to stunting of the plants. However, under certain circumstances, the virus affected plants do not produce any visible external symptoms. Recent studies have indicated that, severity of the disease increases under abiotic stress like nutrition and temperature (Umadevi et al. 2016) .
Causal viruses
Two viruses namely, Cucumber mosaic virus (CMV) and Piper yellow mottle virus (PYMoV) have been reported to be associated with the disease. Of these, CMV contains isometric particles with a single stranded RNA genome that belongs to the genus, Cucumovirus (Family: Bromoviridae) (Palukaitis et al.1992) . Besides black pepper, CMV is also reported to infect other Piper species such as P. betle (betelvine) and P. longum (Indian long pepper). Coat protein gene sequence studies of the CMV infecting different Piper species showed that they belong to CMV subgroup IB (Bhat et al. 2005a; Hareesh et al. 2006) . Recently, full genome sequence of the CMV infecting black pepper revealed that it comprises three RNA species namely, RNA1, RNA2 and RNA3 with 3429, 3049 and 2237 nucleotides respectively (Revathy & Bhat 2017) . RNA1 comprised of one open reading frame (ORF) that code for viral replicase protein. Two ORFs of the RNA 2 codes for the replicase (2a) and viral suppressor protein (2b) while two ORFs of the RNA3 codes for movement protein (MP) and coat protein (CP) with 279 and 218 amino acids respectively. Of the five genes of the CMV, the 3b gene coding for coat protein has the highest identity among the CMV subgroups (80-99%) while the gene 2b showed the minimum identity (51-95%). Phylogenetic analyses also showed that, CMVblack pepper isolate falls in subgroup IB.
PYMoV, a circular double stranded DNA virus with bacilliform particle morphology belongs to the genus, Badnavirus under the family Caulimoviridae. Besides black pepper, PYMoV is also known to infect betelvine, Indian long pepper and many other related species (Siju et al. 2008; . Initially the virus was identified based on the particle morphology, transmission, serology and partial nucleotide sequence of the reverse transcriptase (RT)/RNase H region of the virus (Lockhart et al. 1997; de Silva et al. 2002; Bhat et al. 2003; Hareesh & Bhat, 2008) . The full genome sequence of virus isolates infecting black pepper, betelvine and Indian long pepper showed that the length of the genome varied from 7559 to 7584 nucleotides and all four isolates possessed four ORFs. The four ORFs could potentially encode proteins of 16, 17, 219 and 17 kDa, respectively (Hany et al. 2014; Deeshma & Bhat 2015) . The ORF III of the PYMoV codes a polyprotein with homology to different proteins such as viral movement, trimeric dUTPase, zinc finger, aspartic protease, reverse transcriptase and RNase H whereas, proteins coded by ORF I, II and IV did not show homology to any known proteins. PYMoV showed 39% to 56% identity with other badnaviruses. In phylogenetic analysis all PYMoV isolates formed a single cluster separated from other badnaviruses (Deeshma & Bhat 2015) .
Transmission
The primary means of spread of both viruses occur through vegetative means. Of the two viruses, CMV has very broad host range and could be mechanically transmitted to large number of hosts (de Silva et al. 2001; Sarma et al. 2001) . In contrast, PYMoV infects only Piper spp and could be transmitted semipersistently through mealybugs such as Ferrisia virgata and Planococcus citri (Lockhart et al. 1997; Bhat et al. 2003; 2005b) , by black pepper lace bug (de Silva et al. 2002) and is also transmitted through seeds (Hareesh & Bhat 2010; Deeshma & Bhat 2014) . However, seed transmission may not have much significance in the spread of PYMoV in plantations as black pepper is mainly propagated through vegetative means, however, this can cause considerable interference in breeding experiments. Seeds can be infected when one of the parents is infected as there is a chance for the pollens and ovary to be infected.
Diagnosis and detection
Symptoms
Symptoms are one of the good criteria for diagnosis of viral diseases. But sometimes based on environmental and growth conditions, infected plants may appear apparently healthy without symptoms. Our studies have shown that, virus infected plants exhibit symptoms when exposed to abiotic factors such as high temperature and poor nutrient status of the soil. Hence, soil and plant health play a major role in symptom appearance and severity of the disease. When virus infected but asymptomatic plants were subjected to temperature stress (35 o C), plants started showing symptoms within 10 days of exposure (Umadevi et al. 2016) . Thus, plants that do not show symptoms cannot be always considered as virus-free. Laboratory-based methods such as polymerase chain reaction (PCR) or loopmediated isothermal amplification (LAMP) is required to ascertain the presence or absence of virus in the plant to identify virus-free plants for propagation.
Polymerase chain reaction (PCR)
PCR and reverse transcription (RT)-PCR (RT-PCR) methods were reported for the detection of PYMoV and CMV infections respectively in black pepper (Lockhart et al. 1997; de Silva et al. 2002; Siju et al. 2008; Hareesh & Bhat 2008; Bhat et al. 2009 ). List of primers reported for the detection of viruses by different workers is presented in Table 1 . De Silva et al. (2002) and Hareesh & Bhat (2008) reported simple total DNA isolation method from black pepper which can be used as template for detection of PYMoV while Siju et al. (2007) reported an efficient total RNA isolation method from black pepper that enhanced sensitivity of detection of CMV in black pepper (Fig. 2) . Using PCR, Bhat et al. (2009) reported presence of PYMoV in symptomless plants of black pepper indicating the need to use sensitive methods to identify virus-free plants (Fig. 3) . Further, a multiplex RT-PCR (mRT-PCR) method was reported for the combined detection of CMV and PYMoV in black pepper (Bhat & Siju 2007 LAMP was 100 times more sensitive compared to PCR. However, when compared to real-time PCR, LAMP was 10 times less sensitive in the detection of both viruses. Both LAMP and RT-LAMP assays were able to detect respective viruses in large number of black pepper samples representing different agro-climatic regions (Bhat et al. 2013) . 
Real-time PCR
A real-time PCR based on SYBR Green for the detection of PYMoV and SYBR Green based real-time RT-PCR for the detection of CMV infecting black pepper have been reported. The method involved isolation of template nucleic acid (both DNA and RNA) from infected plants (Bhat & Siju 2007 ) and used primers targeted to the conserved region in coat protein (for CMV) and ORF III (for PYMoV) (Fig. 4 ) . The utility of assay was shown by testing large number of black pepper from
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can be identified by testing apparently healthy plants through either PCR or LAMP assays described above. In addition recently, in vitro PYMoV elimination in six varieties of black pepper through somatic embryogenesis was reported. Matured berries collected from PYMoV infected black pepper plants were used as explants for somatic embryogenesis ( Further, complete PYMoV elimination was obtained when somatic embryos were pre-treated with antiviral agent, ribavirin @20 mg ml -1 before regeneration. Sasi & Bhat (2018) also reported elimination of PYMoV from infected black pepper plants through meristem-tip culture and complete elimination of the virus was obtained when meristem-tip culture was combined with chemotherapy. 
Management
Production and use of virus-free planting material
In absence of the resistant variety against viruses in black pepper, the current method available for management of the disease involves production and use of virus-free certified planting materials (Bhat et al. 2010 ).
Virus-free mother plants in different varieties 7
Thus, ideally it is important to establish a mother block with virus-free planting materials from certified virus-free high-yielding source plants of known elite variety or using virus-free plants obtained through somatic embryogenesis or meristem tip culture. The mother block should be maintained virus-free by adopting necessary measures and should be protected as well as monitored regularly for viruses using reliable sensitive tools such as PCR or LAMP. Disease-free planting materials collected from mother block are then multiplied in nurseries under protected condition with regular monitoring. Nursery plants also have to be monitored periodically for pathogens and regular rouging of diseased plants should be carried out whenever noticed. The pathogenfree stocks from nurseries are then multiplied in secondary nurseries or used for commercial planting.
Integrated management in the field
In general, as long as the vines are yielding farmers are not willing to sacrifice the vines even if they are infected by viruses especially when the crop is fetching higher price in the market. Hence farmers need to be educated about the symptoms and management of the disease. As the disease spread is primarily through planting materials, farmers should be advised not to take planting materials from virus infected plants for new planting.
The infection in plants may vary from apparently healthy, mild, moderate and severe. Studies have clearly showed that severe symptoms are seen in plants that are subjected to abiotic stresses such as nutrition and high temperature (35°C). Studies of Srinivasan et al. (2017) showed that the mild and moderately infected plants can be revived. Severely infected Not only the individual nutrient supply or concentration in soil or leaf, but the combined effect of each nutrient and its balanced supply influences proper uptake and its utilization. Hence, location/ site-specific crop management programmes should form the basis for balanced nutrient application and need-based foliar supplementations for sustaining the health and yield of the black pepper plants.
Viral diseases of cardamom
Occurrence and symptoms
Mosaic (Katte or marble) disease
Katte or mosaic or marble disease incited by Cardamom mosaic virus (CdMV) is one of the important production constraints of cardamom in Guatemala, Sri Lanka and India (Uppal et al. 1945; Dimitman 1981; Dimitman et al. 1984; Gonsalves et al. 1986 ). In India, the mosaic disease is widely distributed in all cardamom cultivating regions with 0.01 to 99% incidence (Uppal et al. 1945; Mayne 1951; Venugopal 2002) . Recent surveys undertaken to revisit the status of mosaic disease in major cardamom growing states of India indicated that, the incidence ranged from 0 to 85% with a higher incidence and severity in Karnataka (Biju et al. 2010) . Yield loss due to the disease invariably depends on time of infection. If the plant is infected at the young stage, the loss will be almost 100%. However, delayed infection leads to gradual decline in productivity. Higher crop losses (10-60%, 26-91% and 82-92% during first, second and third year) was reported in cardamom-areca mixed cropping system compared to monocrop conditions (38, 62 and 68.7% for the first, second and third year of infection) (Varma 1962; Venugopal & Naidu 1987; Venugopal 1995) . In general, complete decline of the plants occur within 3 to 5 years of infection.
The symptoms induced by CdMV include; prominent, discontinuous yellowish stripes radiating from the midrib to the margin on young leaves (Fig. 7a) . The size of leaves gets reduced progressively and the plant looses vigour and remains stunted. Later, mottling develops on leaf sheaths. Immature plants when infected rarely produce panicles and set fruits. Whereas, older plants may produce a few lean crops. Variation in symptoms manifested could be attributed to variations in virus strains involved and prevailing environmental conditions in a particular geographical location. Being systemic, the disease consequently invades all the tillers in the clump and eventually the plants produce short, slender tillers with few short panicles in the advanced stages of disease development (Venugopal 2002; Biju et al. 2010; Siljo et al. 2013) .
Chlorotic streak
Chlorotic streak though initially reported from Sirsi taluk of Karnataka, recent surveys revealed its widespread prevalence in major 9 cardamom cultivating tracts of Karnataka and Kerala. Of the 49 locations comprising of 77 plantations surveyed, the disease incidence ranged from 0-15%, the highest being recorded in Vythiri taluk of Wayanad, Kerala. The disease is characterized with the formation of spindleshaped intravenous streaks along the veins and midribs (Fig. 7b) . The streaks subsequently join together imparting yellow or light green colour to the veins. The petiole and pseudostem of infected plants also show spindle-shaped mottling. As disease advances, number of tillers produced in the infected plants gets reduced. As chlorotic streaks are the characteristic feature, the disease was named as chlorotic streak (Siljo et al. 2012) .
Causal viruses
Mosaic (Katte or marble) disease
Earlier reports indicated that, a flexuous rod shaped virus with dimensions 650 x 10-12 nm resembling Potyvirus as the probable causal agent of katte (Naidu et al. 1985) . Later in Guatemala too similar kind of flexuous rod shaped virus particles were observed in diseased plants (Dimitman 1981; Dimitman et al. 1984 
. Symptoms induced by Cardamom mosaic virus (CdMV) (a) and Banana bract mosaic virus (BBrMV) (b) on cardamom
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sequence alignment further confirmed grouping of the isolates on percent identity criterion (Siljo et al. 2013) . (Bhat et al. 2018) .
Chlorotic streak
Transmission
Mosaic (Katte or marble) disease
Initially banana aphid (Pentalonia nigronervosa Coq) was shown to transmit the CdMV nonpersistently in cardamom (Uppal et al. 1945; Varma & Kapoor 1958 (Rao & Naidu 1974) . Studies have shown that, P. nigronervosa f. caladii breeds on cardamom, Colocasia and Caladium whereas, P. nigronervosa f. typica breeds on Musa and related genera (Siddappaji & Reddy 1972; Venugopal 1995) . Later based on DNA sequences of mitochondrial cytochrome oxidase (subunit-I) and nuclear elongation factor 1 α in combination with morphometric parameters, P. nigronervosa f. caladii was restored to full species status as P. caladii (Foottit et al. 2010) . Both nymphal and adult stages are able to transmit the virus though efficiency of transmission increases with age of the vector and adult; alate and apterous forms are most efficient transmitters. In plantations, the aphids are prevalent throughout the year, although a decline occurs during monsoon. The migrating population was found to be the maximum during January-February, while the populations of alate vectors were found higher during November-May. The primary sources of inoculum include; infected plants and volunteers in disease affected plantations.
Under field conditions, primary disease spread is mediated through alate viruliferous vectors is random while, the secondary spread which occurs at a lower rate is primarily internal and concentrated within a radius of 40 m (Deshpande et al. 1972) . The incubation period which ranges from 20-114 days is directly affected by variations in weather factors and the symptom expression is significantly influenced by growth stage of the plants. Symptom expression is early during active phase of plant growth (May to November), while the expression is delayed due to prolonged incubation period during December to March. The symptoms develops on young seedlings (of 3-4 leaf stage) within 15-20 days of inoculation whereas, adult plants requires 30-40 days (Naidu & Venugopal 1989) . Seed transmission studies of CdMV in the cultivar Njallani Green Gold indicated that, though the virus was present in the seeds, seedlings raised from the seeds did not show any symptoms and absence of the virus in the seedlings was confirmed through RT-PCR test. This also suggests that, though the virus is seed-borne it is not seed transmitted.
Chlorotic streak
BBrMV is known to be transmitted nonpersistently by aphids in other host species like banana and flowering ginger (Alpinia purpurata). However, the role of aphids in transmitting BBrMV in cardamom has not been proven yet. The other major means would be through the use of infected planting materials.
Detection and diagnosis
Mosaic (Katte or marble) disease Enzyme linked immunosorbent assay (ELISA)
Purification of CdMV particles from cardamom (Gonsalves et al. 1996) and detection of the virus through direct antigen coated (DAC) and double antibody sandwich ELISA systems were reported (Saigopal et al. 1992) .
Reverse transcription-polymerase chain reaction (RT-PCR)
Isolation of total RNA from cardamom and reverse transcription-PCR (RT-PCR) for the detection of CdMV was reported. Sequencing coat protein and 3' UTR regions of biologically distinct isolates of CdMV representing diverse geographical locations of Karnataka and Kerala revealed the existence of different strains of the virus. The sequence of strains varied mainly at the N-terminal region of coat protein (Jacob et al. 2003) . Hence, primers designed to the conserved region of the coat protein present in all isolates are needed to detect all isolates of the virus. Subsequently, a RT-PCR assay for the detection of CdMV using primers designed to the conserved region of the coat protein was developed and its utility was shown by testing large number of samples drawn from different agro-climatic regions ( Fig. 8 ) (Biju et al. 2010) . 
Real -time reverse transcription polymerase chain reaction (Real-time RT-PCR)
A SYBR Green based real-time RT-PCR was reported for the detection of CdMV (Fig. 9) . A standard curve was developed to quantify the virus load based on the Ct values obtained by subjecting different serially diluted virus coat protein region. The sensitivity of the assay for CdMV was determined to be 16 copies which were 1000 times higher than the conventional RT-PCR. Further, real-time RT-PCR assay was verified for its ability to detect large number of samples
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originating from different cardamom cultivating tracts of South India.
Chlorotic streak Reverse transcription -polymerase chain reaction (RT-PCR)
Protocol for RNA isolation and RT-PCR for detecting BBrMV in cardamom plants and its subsequent validation by testing large number of samples was reported (Siljo et. al. 2012) .
Real-time RT-PCR
A one-step real-time RT-PCR based on SYBR Green was developed for the detection of BBrMV (Fig.10) . The sensitivity of the assay was estimated to be 10 copies which were 1000 times higher than the conventional RT-PCR. The usefulness of the assay was proven by its ability to detect the virus in samples collected from different cardamom growing regions.
Reverse transcription loop-mediated isothermal amplification (RT-LAMP)
A simple, sensitive and rapid assay based on reverse transcription loop-mediated isothermal amplification (RT-LAMP) was reported for the detection of the BBrMV infecting cardamom . The various components and their optimum concentration, temperature and time required for the RT-LAMP assay were determined. The results of the RT-LAMP assay was judged visually by checking turbidity and green fluorescence (induced by adding manganese chloride and calcein under UV light) in the reaction tube and also by agarose gel electrophoresis (Fig. 11) . The sensitivity of RT-LAMP assay was 100 times higher than that for conventional RT-PCR and on par with that for real-time RT-PCR. The suitability of the assay was confirmed by testing more number of samples of cardamom plants from different cardamom-growing tracts in Kerala.
Management
Use of healthy planting material and accurate identification of the viruses involved are inevitable components to formulate an integrated disease management package. Largescale multiplication and planting of virus-free planting material plays a vital role in eliminating viral diseases of small cardamom even from endemic regions. Several strategies have been developed and recommended to ward-off the disease from nurseries as well as plantations. The nurseries should be established in isolated locations and the nucleus planting material should be obtained from disease-free plantations (Venugopal 1995) . Early detection of the viruses using reliable and sensitive nucleic acid-based techniques such as RT-PCR, real-time RT-PCR, RT-LAMP would enable to identify disease-free healthy mother genotypes for subsequent propagation (Biju et al. 2010; (Venugopal 2002) . Spraying recommended insecticides after undertaking trashing operation increases the efficacy of application and controls the vector to a greater extent. Extracts from several plant species including neem, Acorus calamus, Annona squamosa and Lawsonia inermis were found to adversely affect breeding potential of aphids (Mathew et. al. 1999) . Entomopathogens like Beauveria bassiana, Verticillium chlamydosporium and Paecilomyces lilacinus are reported to be promising in suppressing aphid population (Mathew et al. 1998) . Natural katte escape (NKE-12) which exhibited immune reaction to katte disease was released as IISR Vijetha and recommended for cultivation in endemic areas of 
